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論 文 内 容 要 旨          
Nowadays, the extreme release of heavy metals to the environment is leading to face serious health problems 
for the humanity around the world. Anthropogenic activities are increasing the utilization of metals, and 
consequently occasioning wastewater pollution. Among all the activities, mining leads to an environmental 
concern which is called Acid Mine Drainage. It occurs at times of precipitation. The water runs off close to the 
mining sites, and thus after infiltration in the ground these high level metals are dissolved and contained in 
groundwater. Indeed, according to the Inter-American Development Bank, Latin America and the Caribbean 
lack of groundwater technologies, and the water quality control is very poor. In South America for example, 
heavy metal pollution has reached points where animals and plants are ill and unfortunately people of this 
continent learned to live with this situation and diseases. Therefore, low-cost groundwater treatment is needed, 
since "traditional methods" are expensive and ineffective due to the treatment time, especially for the 
"discharges" in remote areas. For this reason, it is imperative to study deeply the different treatments such as 
permeable reactive barrier (PRB) and biosorbents to combine them as hybrid technology. This research 
developed a guideline to study these technologies based on the characterization of potential biosorbents that 
could be use as barrier for PRB. 
In chapter 2, this work explains further about PRB as passive treatment of contaminated groundwater, 
emphasizing its low-cost and efficiency. However, materials for the removal are still in need to study for its 
full application in developing countries. On contrary, biosorption has pulled in much consideration lately, 
however lacks of application yet. In this sense, this chapter creates a data base by resuming previous studies. 
The data base involves the conditions where each biosorbent test was tested and provides the information for 
the selection of the potential biosorbents. From this study, Undaria pinnatifida has been found to be the most 
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promising biosorbent among brown seaweed. Reed (Phragmites australis) has been also selected in this study 
due to its worldwide availability.  
To deeply understand these biosorbents Chapter 3 includes a concise explanation of their main features and 
geographical locations where they could be found. This chapter also includes sorption studies of both 
biosorbents by using lead (Pb2+) as contaminant source. For the sorption studies, biosorbents were tested 
initially as screen prospective materials in batch experiments. A combined analysis of pH and particle size was 
carried out at temperatures of 4oC and 20oC. To study the relationship between the metal uptake by biosorbents 
and its equilibrium concentration we have used Langmuir model for the adsorption isotherms. The Langmuir 
isotherm model indicates a reduction of the available interaction sites as the metal ion concentration increases. 
This model assumes monolayer adsorption and it is commonly utilized for determining adsorption capacity. 
The Langmuir constant (Qmax) obtained in this test were 19.46 mgPb/greed for reed and 227.3 mgPb/gsw for 
seaweed. This result helped to specify the maximum amount of heavy metal that could be adsorbed by gram 
of biosorbent. From the batch experiments it was estimated that lead removal by reed was lower than that by 
brown seaweed. However in order to apply these biosorbents as material for PRB, it was needed further studies 
in a column system. The column was designed by using references of previous PRB studies. Experimental 
apparatus consisted of a tank with the heavy metal solution connected to a pump to transport the contaminant 
directly to the head tank to control the hydraulic pressure of the column. Results in the column system showed 
that the adsorption of lead (Pb2+) start to decrease at the same time for both biomass. In the case of reed, the 
adsorption capacity of the biomass reached its limit at the breakthrough point, which means that the biosorbent 
material was completely saturated with the contaminant (Fig 1). However, seaweed continued removing the 
contaminant by lower efficiency as the effluent concentration was above 0.1mg/L (permissible limits). For this 
reason, the amount of contaminant removed by each gram of biosorbent in the column was defined as Qc as 
the real values that could be found when using column tests. It was concluded that batch experiments could 
not select the biosorbent, because it could magnify prediction of HM removal estimated by Langmuir constants 
from batch tests. If biosorbents are to be considered material for PRB, a column study is needed to evaluate 
their adsorption capacity. Furthermore, because of the physical characteristics of U. pinnatifida and P. australis, 
the packing ratio (Pr) and Qc, are considered better parameters to expect the biosorbents performance in the 
design of sequenced PRB. 
In Chapter 4 the dominant mechanism of lead removal in column test was evaluated. Functional group unit 
of carboxylate and lignin ester showed to be more suitable for the capture of Pb by reed, and fucoidan and 
alginate for brown seaweed. Sequential extraction method was applied to the loaded column after the 
adsorption of lead (Pb2+). Samples were taken by dividing the columns in three: Bottom, Medium and Top. 
Metal speciation test evaluated the content of the lead forms in the column by using a sequential extraction 
method. It was revealed the dominant mechanism for seaweed was a strong attachment to organic matter and 
minerals due to ion exchange and precipitation, and that for reed was to form exchangeable lead due to physical 
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adsorption. The total amount of lead contained in the column was compared to Qc values from Chapter 3 as 
observed in the table 1. When comparing this values to the packing rate it could be observed that the mg of 
contaminant per barrier volume of seaweed was Prsw= 0.132 mg/cm3 Prr=0.109 mg/cm3 for seaweed and 
reed respectively.  
Table 1 Removed amount of lead by biosorbents 
Biosorbent materials Column [mg/g] 22 days Metal speciation test [mg/g]  
Reed Qc= 8.6  Q`c=9.7  
Seaweed Qc= 20.8  Q`c=21.09  
 
Figure 1 Removed amount of lead by biosorbents in the column system 
From the results it was cleared that results obtained from the column system before decreasing its efficiency 
showed the same trend as that from sequential extraction, it was concluded that the packing rate is important 
to compare both biomasses performance. Also, as seaweed continued removing Pb in the column means that 
the second half of the removal could be due precipitation, as for reed show same trend. In this chapter the 
functional groups were also analyzed by FTIR to better understand the characteristics of U. pinnatifida 
(seaweed), and P. australis (reed). The results indicated the importance of this analysis for the prediction of 
heavy metal removal.  
It was also necessary to estimate their potential use in PRB from the permeability studies. In Chapter 5, 
permeability was tested by an experiment taken in a new design of column. The system was based on Darcy`s 
Law. Darcy`s Law is best suited for determination of leakage through aquifers and groundwater flow cases 
with Reynold's Number less than 10, and it is applicable only for slow and viscous flow. The flow of water 
that passes through the biosorbent barrier in the column was checked, and heights were also measured. Then 
k (permeability coefficient) was calculated. The moderate and rapid values with the ones obtained from the 
experiment were compared. From the test, reed k value was 10-4  (m/s) which is considered rapid and thus 
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could be potential media for PRB in long term performance. Brown seaweed was in the moderate permeability, 
however the swollen particles observed in the test could potentially reduce the lifetime of the barrier, even 
though its sorption capacity is considered high. It was also observed and discussed a tradeoff between 
permeability and adsorption capacity. It was concluded that permeability is one of the physical characteristics 
that must be taken into consideration in order to apply biosorbents to PRB.  
Chapter 6 includes the affinity analysis of the biosorbents to high toxic contaminants. As biosorbent studies 
commonly are for one contaminant, there is a lack of a complete study to determinate if they could remove 
other contaminants. This missing point could be the key to design a sequenced barrier according to the 
contaminants that exist in the polluted aquifer. Biosorbents according to the data base (Chapter 2), were divided 
according to the previous contaminants studied. The most promising biosorbents were selected and 
unfortunately from all the data base not all biosorbents include full studies. PCA as a statistical procedure was 
used to convert the biosorbents into correlated variables to choose which of them could be used depending on 
the contaminant. PCA analysis determinated the better adsorption for Cu, Zn, Cd with Crab Shells, as for Pb 
U. pinnatifida has higher adsorption capacity. Reed in PCA did not seem to be an efficient biosorbent, however 
its performance on this study was promising, and that is why biosorbents need a guideline to characterize them 
individually for the design of a sequenced barrier. From this study, it was concluded that PCA results could be 
used to avoid competition between higher affinity and low affinity biosorbents to the contaminants to be 
removed. However, it is still recommended for future studies to create a data based on the parameters studied 
such as pH, functional groups and contact time. 
Biosorbents have no application yet and PRB needs alternative material for sequenced barriers, for this reason 
in Chapter 7, it was proposed a guideline to design a sequenced barrier to extend the longevity of this 
technology by taking into account characteristics such as permeability, dominant mechanism, availability etc. 
This guideline suggest that biosorbents barriers could be selected depending on its capacity to remove a chosen 
contaminant. The guideline is planned to strength the improvement and execution of water techniques to 
guarantee the security of drinking-water supplies through the control of risky contaminants of water such as 
heavy metals.  
The guideline starts by expressing the current problem of PRB and biosorbent technologies. It also includes 
the solution of these problems through the following steps: Easy availability as low cost material, sorption 
studies, mechanism and functional groups, permeability, affinity to other HM. This chapter contains a 
sequenced column test following the proposal guideline for U. pinnatifida, and P. australis as materials for the 
design of sequenced barriers. From the results, the sequenced barrier allows to enhance the longevity and 
remove efficiently the heavy metals. It was concluded that the materials should be chosen by its availability 
and performance conditions. Involving not only efficiency but also understanding the mechanism of reaction 
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with the contaminants could definitely enhance this media performance on site and help to develop this 
technology. 
This study has established potential biosorbents by a data base, it contains tested sorption studies of high 
potential biosorbents (U. pinnatifida, and P. australis). It concludes that batch test gives optimal conditions 
for PRB but cannot select the biosorbent. Column test involved the mechanism and adsorption studies to 
evaluate the capacity and performance of the biosorbent. This guideline characterizes the biosorbents 
individually and this final step provides an alternative to groundwater treatment for developing countries.  
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